The most recognized and employed model of the solvation equilibration in the ionic solutions was proposed by Eigen and Tamm, in which there are four major states for an ion pair in the solution: the completely solvated state, 2SIP (double solvent separate ion pair), SIP (single solvent separate ion pair), and CIP (contact ion pair). Eigen and Tamm suggested that the transition from SIP to CIP is always the slowest step during the whole pairing process, due to a high free energy barrier between these two states. We carried out a series of potential of mean force calculations to study the pairing free energy profiles of two sets of model monoatomic 1:1 ion pairs 2.0:x and x:2.0. For 2.0:x pairs the free energy barrier between the SIP and CIP states is largely reduced due to the salvation shell water structure. For these pairs the SIP to CIP transition is thus not the slowest step in the ion pair formation course. This is a deviation from the Eigen-Tamm model.
I. INTRODUCTION
Ion pairing is a topic of great importance in the physical, chemical, and biological sciences [1−10] . The specific binding of different metal cations to the negatively charged areas in the proteins can stabilize or destabilize the protein structures [8, 10−12] , which is associated with a wide range of serious diseases, for instance, the misfolding of a chloride-selective channel, which is related to cystic fibrosis [11] . The formation of precipitation in water solution is usually described by the nucleation and growth theory, but more complex pathways have recently been proposed, such as aggregational processes of nanoparticle precursors or pre-nucleation clusters, which seem to contradict the classical theory [12] . Studying the ion pairing preferences in various environments can help to improve our understanding of the physics underlying these phenomena.
Molecular dynamics (MD) simulation can provide a detailed picture for the properties in the ionic solutions at molecule level. The perturbation of ion on the structures and dynamics of water, as well as the specific effect of ion on the functions of biosystems have been explored extensively [13−26] by the MD simulations. The recent studies show that the effect of ion pairing plays an important role in the solvent structure [13, 2−8] . The equilibrium constants of ion pairing in aqueous alkali halide solutions have been studied systematically by MD simulations and discussed in comparison with the experimental measurements [1, 27] . The dynamic properties of NaCl clusers are also explored in previous works [4, 5] . Dill and co-workers carried out the MD simulations to calculate the potentials of mean force (PMF) for the alkali halide ion pairs in the infinitely diluted aqueous solutions [7] .
The most recognized and employed model of the solvation equilibration in the ionic solutions was proposed by Eigen and Tamm [1, 28] , in which there are four major states for an ion pair in the solution: the completely solvated state, 2SIP (double solvent separate ion pair), SIP (single solvent separate ion pair), and CIP (contact ion pair). Eigen and Tamm suggested that the transition from SIP to CIP is always the slowest step during the whole pairing process, which is due to a high free energy barrier between these two states.
In this work, we carried out a series of MD based PMF calculations to study the pairing preferences of the model mono-atomic 1:1 ions with evenly varied sizes (2.0Å to 6.0Å for cation, 2.0Å to 6.0Å for anion, with a 1Å increment), we found that the solvation equilibration of the "big anion-small cation" pairs is consistent with Eigen-Tamm model, but there is a deviation for the "small anion-big cation" pairs. This is again mainly due to the different water bridging structures of differ-ent ion pairs.
To demonstrate that the asymmetry in the water structure plays an important role in the kinetics of the ion pairing phenomenon, we used the widely accepted non-polarizable force field models in the PMF calculations. The role of polarizability in this phenomenon is an interesting topic, but is out of the scope of this work. We don't expect other force fields will give major difference in the conclusion.
II. METHODS

A. Molecular dynamics simulation
The SPC/E model [29] is used for the water molecules in the current simulations. The model ions with unit positive or negative charge and various sizes are used to explore the ion pairing tendency in water solution. The Lennard-Jones 12-6 form is selected as the vdW interactions of ion-ion and ion-water:
The ion potential parameter ε is defined to be 0.42 kJ/mol, which is well used for most mono-valence ions in the Dang series [2, 30, 31] combined with SPC/E water (Table I ). In the current work σ ij varies from 2.0Å to 6.0Å for the cations and from 2.0Å to 6.0Å for the anions, with a step of 1Å. The Lorentz-Berthelot rules [31, 32] were used for the combined Lennard-Jones potential parameters. The masses of the model cation and anion are fixed at values of Na and Cl. The effect of ion mass on the ion pairing is not considered here. For convenience, an ion pair with radius size R A for anion and R B for cation is denoted as R A :R B in the following text.
The thermodynamic properties of ion pairing can be studied using the PMF calculations. A series of constrained molecular dynamic simulations, with a fixed separation between the cation and the anion, were carried out at 298 K and 1 atm to estimate the PMF of an ion pair in the infinitely diluted aqueous solution. The separation between the cation and the anion was varied from 1.0Å to 10Å with a 0.2Å increment. The SHAKE algorithm [33] was used to fix the separation of cation-anion in a specific simulation. A 6 ns simulation was carried out at each separation r to obtain the mean force after a 1 ns equilibration. The force imposed on the ion pair was recorded at every step (2 fs). The Nose-Hoover thermostat [34] was used with the coupling time constant of 1 ps. The periodic boundary condition and minimum image convention were adopted. The non-bonded van der Waals interactions were truncated at 10Å with switching function and the particle mesh Ewald summation technique [35] was used to treat the long-range Coulomb interaction. The simulation trajectories were saved every 100 fs to extract the structural information. All simulations were performed with the Tinker simulation code [36] . The mean force imposed on the ions is the sum of the forces exerted by the water molecules ∆F (r) and the direct force F d (r) between ions [2, 7, 37−39] .
∆F (r) can be expressed as
where F AS and F BS are the forces imposed on the ions by the water molecules and r p is a unit vector of the connecting line of ion pair. The PMF at distance r relative to r 0 , W (r) was obtained by the integration of the total force.
In which W (r 0 ) is PMF value of ion pair at the separation of r 0 . The upper limit r 0 of the integration was taken to be 10Å, at which the PMF almost changes inversely with the distance of ion pair [7] . The screening Coulomb potential W (r) was used as the PMF value when the separation of ion pair is beyond r 0 as in the previous work [2] .
The q i and q j are the ionic charges and ε r is the dielectric constant of pure water at standard condition (ε r =78) [40] . Fixing the ion-ion distance introduces an artificial force −2k B T /r [41, 42] , which needs to be taken into account in the PMF calculations, thus the total PMF can be expressed as: We can further decompose PMF into entropy and enthalpy contributions as:
The relative entropy and enthalpy differences of the system at distance r to r 0 (10Å), can be derived from the following relationship [43] :
We calculated W (r) at 285, 298, and 310 K, based on which the numerical derivatives of W (r) with respect to T were evaluated.
C. The coordination numbers and density of water around ion pair
The water bridging structures play an important role in the stability of ion pair. In order to visualize the solvation structures of ion pair at the different solvation states, the two-dimension densities of water oxygen around the ion pair were analyzed. The spherical radius of ion solvation shell is defined as the first minimum of the pair radial distribution function (RDF) of ion-water oxygen (Table I ). The bridging water of ion pair is defined as the water, whose oxygen locates both in solvation shells of cation and anion at same time. The bridging water number of ion pair is labeled as N P . Additionally, the transition state (TS) from SIP to CIP is defined as the separation of ion pair at the maximum of PMF between the SIP and CIP. The structure of TS can provide connective information of pairing path.
D. The potential energies of subsystems in solutions
In order to calculate the decomposed energies of subsystems, we used the generalized reaction field (GRF) method [44] to treat the Coulombic long-range interactions instead of the Ewald summation technique. The trajectories from the NPT simulation with the Ewald summation technique as main text were used to calculate the potential energies of subsystems in the solutions. With this routine, the total potential of solution (E T ), the pair potential of anion and cation (E I ), and the remaining part of E R (water reorganization energy), as well as the potential of water within the solvation shells of ion pair (E S ) and the potential of water beyond the solvation shells of ion pair (E B ), were calculated. 
III. RESULTS
The PMFs of 2.0:x and x:2.0 ion pair series are presented in Fig.1 . The first minimum of PMF (the position of CIP) decreases with the increment of the size of ion x. An evident difference between the 2.0:x and x:2.0 ion pairs is that higher transition barriers from SIP to CIP are observed for x:2.0 pairs than 2.0:x pairs. In Fig.2 , we further decomposed the PMFs into the entropy and the enthalpy contributions for two representative ion pairs, 2.0:3.0 and 3.0:2.0. When the ions approach each other, the entropy has the similar increasing behavior, while the enthalpy behaves differently for the two pairs. The enthalpy of 2.0:3.0 ion pair decreases more evidently at SIP than 3.0:2.0 ion pair.
The enthalpy change is closely related to the reorganization of the water bridging structures from SIP to CIP. For the 2.0:3.0 and 3.0:2.0 ion pairs, two-dimension density distribution of the bridging water and the suggested water-bridging structures at SIP, TS, and CIP are presented in Fig.3 . Interestingly, the distribution splits into two separate regions at CIP for the 3.0:2.0 ion pair.
We further plotted the distributions of α and β angles (defined as in Fig.4) for the 2.0:3.0 and 3.0:2.0 ion pairs in Fig.5 . The distribution of α is broader than that of β since the anion has stronger restriction on the OH orientation of water than the cation with similar size on the dipole orientation of water. For 2.0:3.0, from 10Å to CIP, part of α distribution continuously shifts to the lower value. Among which the major contribution comes from the bridging water, especially at the CIP state. For 3.0:2.0, on the other hand, when the pair moves from TS to CIP, the α distribution of the bridging water is apparently split, part shifts further to the lower value, and part returns to the higher value. This suggests a heterogeneous configuration distribution of the water bridging structure, which explains the observation in the two dimensional density distribution of water oxygen in Fig.3 . The small cation with size 2.0Å has stronger restrain on the dipole orientation of the bridging waters, so it becomes harder to maintain the bridging water configuration at CIP. Some of the water molecules between the ions (counted as "bridging water") thus have their bridging structure broken, move closer to the cation and eventually become the cationbound water solely. The facts above suggest that an evident reorganization of solvation structure takes place from TS to CIP for 3.0:2.0 ion pair. To understand the enthalpy difference between the 3.0:2.0 and 2.0:3.0 pairs, we decomposed the total potential energy E T into cation-anion pair potential energy and the reorganization energy of water as (in Table  II ):
For both pairs, E I decreases monotonically for both of pairs from 10Å to CIP due to the reduction of ion pair separation, but a continuous increment for E R and E S , more evident for 3.0:2.0 ion pair than 2.0:3.0 ion pair. The changes of E R +E I are −29.71 and −47.85 kcal/mol for 2.0:3.0 and 3.0:2.0 ion pairs, correspondingly 30.82 and 51.82 kcal/mol for those of E S . The tendency of change for E B +E I is opposite to that of E S . This shows that bigger increment of total energy should come from the solvation shell waters of ion pair. More intense and uncomfortable structures of the bridging water are suggested for the 3.0:2.0 ion pair at TS state than 2.0:3.0 ion pair. The orientation of water dipole around 3.0:2.0 ion pair shifts back to the preferred orientation of bridging water from TS to CIP. This also suggests that a more remarkable reorganization of solvation structure takes place from TS to CIP for 3.0:2.0 ion pair than 2.0:3.0 ion pair, which can be observed from Fig.5 .
IV. DISCUSSION
The reputable Eigen-Tamm model suggests that transition from SIP to CIP is always the slowest step in the whole pairing process [1, 28] . In our simulation, we observed different pairing free energy profiles for the small anion-large cation pairs and the large anion-small cation pairs. Using the 2.0:x and x:2.0 series as an example (Fig.1) , the PMF curves for the x:2.0 series have significant barriers between SIP and CIP, thus their SIP to CIP transitions should be the slowest step, which is consistent with the Eigen-Tamm model. The PMF curves of the 2.0:x series, on the other hand, do not have significant free energy barriers between the SIP and CIP states. For these pairs there is only negligible free energy barrier between SIP to CIP. And the SIP to CIP transition is not necessarily the slowest step during the whole pairing process.
The low free energy barrier between SIP and CIP observed in 2.0:x is the consequence of the ion pair solvation structures. To demonstrate this, we examined the hydration structures of the 2.0:3.0 and 3.0:2.0 pairs. The entropy profiles of these two pairs are similar to each other, so the differences in their PMF profiles are dominated by the largely different enthalpy profiles. For 2.0:3.0 the maximum of the α distribution for the bridging water at TS only shifts to the value of ∼10
• lower compared with that at SIP. This induces a mild increase of enthalpy almost completely cancelled by the entropy increase. A rather flat SIP-to-TS segment is thus observed in the PMF profile. For 3.0:2.0, on the other hand, the shift is more than 30
• to lower value, which causes a much more drastic enthalpy increase only partly cancelled by the entropy increase. A monotonically rising SIP-to-TS segment is thus observed in the PMF profile. From TS to CIP, both pairs have a dominant increasing entropy effect, which creates a decreasing TS-to-CIP PMF segment. The different water bridging structures thus affect the pairing kinetics of these two pairs by generating a significant barrier for 3.0:2.0 and a rather downhill curve for 2.0:3.0 in the SIP-to-CIP segments of their PMF profiles.
Comparing the changes of subsystem energies for two ion pairs, we can clearly find the solvation shell waters play a key role in the transition barrier at TS. The changes of (E B +E I ) are −29.71 and −47.85 kcal/mol for 2.0:3.0 and 3.0:2.0 ion pairs, correspondingly 30.82 and 51.82 kcal/mol for those of E S . Besides this, the tendency of the former is opposite to the later. The higher barrier at TS is due to the structural differences of solvation shell waters of two ion pairs. More intense and uncomfortable structures of the bridging water are suggested for the 3.0:2.0 ion pair at TS state than 2.0:3.0 ion pair. The orientation of water dipole around 3.0:2.0 ion pair shifts back to the preferred orientation of bridging water from TS to CIP. This also suggests that there is a more remarkable reorganization of solvation structure from TS to CIP for 3.0:2.0 ion pair than 2.0:3.0 ion pair.
V. CONCLUSION
The water bridging structure eliminates the free energy barrier between SIP and CIP for certain ions pairs. For these pairs, the SIP to CIP transition is no longer the slowest step in the pairing process, which is a deviation from the well known Eigen-Tamm model. Our study thus suggested that the water bridging structure has an important influence on the ion pairing phenomenon, both thermodynamically and kinetically.
